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_ABSTRACT

This report reviews ten years of research in whole-body, low frequency
vertical vibration supported by both the Office of Naval Research and The
Boeing Company, Wichita Division. The results of twelve studies are pre-
sented, five in which the obJjective was to define and quantify human subjec-
tive resctions to vibration and seven in which vibration was a baseline
conditisn for evaluation of sensory-motor task performance.

The subjective respcnse studies presented test subjects the task of
identifying acceleration levels which would qualify for the verbal labels
"perceptible”, "mildly annoying", "extremely annoying", and "alarming".
Fifteen vibration frequencies ranging from 1 Hz to 27 Hz were studied :n this
manner. The acceleration levels so identified are comparable to those
reported by ather investigators in vibration research; and where major
differences were noted, they are discussed in the report. Generally, the
subjective response studies produced reliable and ccensistent findings both
within and among themselves.

Consistency of results in the subjective reaction studies is in contrast
to the variability in results of the sensory-motor effects studies, The
general finding was that tracking performance and speed and accuracy of
control movements are degraded under vibration. Slwmlarly, reading of smaller
numerals is degradad by vibration, while speech intelligibility and auditory
performance are not significantly degraded under the conditions of the tests.

Physical effects of vibration are discussed in terms o; the relationship
between frequency of vibration and body sensation.

Research areas requiring further study are introduced and directiosns in
vibration research for the future are suggested.
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1.0 INTRODUCTION

‘\\i5This report summarizes a ten-year program in the study of the effects
of whole body low-frequency vertical vibration on the human. Industry interest
in vibration was accelerated when the realities of the Cold War elicited charnges
in strategic btombardment operational requirements. The emerging emphasis on iow
level, high-speed penetration placed increased demands on aircrews; for, associated
with a terrain avoidance mission there would be visual problems, vigilance and
reaction time problems, and, of course, problems associated with ride and handling
qualities. Basic to all these problem areas was the shaking of the crew member
resulting from turbulent eir encountered during low level high speed penetration.
Questlons as to the role of vibration in performance degradation (and ultimetely
mission eccomplishment) and questions regardins alrcrew tolerance to vibration
began to emerge.

A preliminary U.S. Air Force supporied study of aeirerew tolerance to low
frequency whole-body vertical vibration (Gorrill and Snyder, 1957) ultimately led
Lo support of a research program by the Office of Naval Research (Contract Nonr
2994-00) and, although the red and white lighting study (Morris, 1966) was Boeing
funded, the bulk of the studies reported here were supported by the Office of
Naval Research.

~*The vibration research hes-been organized around three main interest
areas, l) subJective reaction to vibration, 2) effects of vibration on sensory
and motor processes, and 3) physical effects of vibration) Before presenting
detailed summaries of the ma jor studies in our prOgranbﬁiize report briefly high-
lights these main interest areas, introducing methodolozIcal aspects, mentioaing
reneral results, eand sugsesting how the various aspects of the prozram fit
1oTether
a. Subjective reactions to vibratioa: Four studies (Parks and Snyder,
1961; Chaney, 1964 1965; and Brumaghim, 1957) required the
volunteer test subject to experience gradually increasing vertical
vibration intensity and report the acceleration levels at which he
Judged the vibration amplitudes to be perceptible, mildly annoying,
extremely annoying, and alarming. These levels came to be known as
the "subjective levels." One frequency at a time was investigated,
and amplitude was controlled by the subject in the later studies.
Under these conditions both sinusoidal and random vibrations were
studied, and subjects were run in the standing as well as the
seated positioa. In a recent study, a second vibration
frequency was superposed on a fixed "besic" frequency. Here the
sibjective judgments were made on the variable superposed trequency.
The subjects were instructed to attead oaly to the variable frequency
in making their ratings. In all cases vibration frequency in these
studies has not exceeded 27 Hertz (Hz: cycles per second) and the
resultant acceleration levels have been limited to a maximum of 3.0 2.
The results of the subjective judgment studies identified a group
of subjective reaction curves (perceptible, mildly annoying, exiremely
annoying and alarming) which were observed to be fairly reliable as
this part of the program proceeded fiocm cne study to the next.
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b. Effects of vertical vibration on motor and sensory performence:
Compensatory tracking performance (Perks, 1900; Chaney and Parks,
196ka; and Morris, 1966) and knob, lever and thumbwheel opera-
tion (Chaney end Parka, 1964b) under conditions of vibration
have been investigated in a format which involved varying control
forces, subject workload, and severity of vibration. Here the
general result is that tracking performance and speed and sccur-
acy of control movements are degraded under vibration conditions,
with verticel tracking performance more susceptible to the impeact
of vertical vibration than performance of & horizontal tracking
task. Studles which are more sensory-performance oriented have

. included effects of vibration on speech and hearing (Teare, 1963),

visual performance (Teare and Parks, 1963) visual-motor perfor-

mence (Chaney and Parks. 196ka), and numeral reading with red

end white lighting (Morris, 1966).

. g I ) Y
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In these investigations, the vibration levels usually corresponded
; to the severity levels obtained in the earlier subjective judgment
| studies (Parks and Snyder, 1961). The results of the sensory
i processes group of studies are harder to summarize since sensory
: performence varlability has been high in the test subjects and
: individual differences seem to interact with task complexity.
! A few preliminary results might be mentioned here:

: Within the limits of vibration conditions (Q-27 Hz, 0-3 g), hearing

decrement in the shaking subject appears to Le of such smell

i magrnitude as to be of no operational significance; speech intelli-

: gibility (although not given a thorough test) does not seem to be
markedly degraded; and counter reading performance is degraded
under vibration (12-23 Hz) for very small numerals {(less than 12

' min. of arc visual angle, or 1/8 inch high) at the 28 inch viewing
distance,.

: In the most complex sensory performance study of the group (Morris,
145:Y, the condinions varied were illumination color (red cr white),
illumination level (1.00, 0.10 and C.Cl foot-Lambert) and vibration
level (0, random, 6 Hz and 16 Hz sinusoidal). Both numeral reading
and compeasatory tracking were assessed. The results do not lend

: themselves to summarization and will be discussed in sections 4.2.2,
; L.2.3 and b.2.4.

c. Physical eftfects of vibration: Qualitative reacticns to vibration,
such as sbdominal pain, chest pain, backache, vision blurring, gas
emisslon, swallowilg difficuity, and the like, have been common
enough to permit tentative correlatlon with vibration frequency,
and these data arc discussed in section 5.0.
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d. Medical surveillance: All volunteer subjects were medically
- evaluated and approved for vibration testing und were monitored
during the vibration tests. Additionel follow-on medical
i evaluations were als¢ performed., It became routine to conduct
urinelyses, take tlood pressure, pulse, respiration, and
temperature measu. »s before and after each subject's vibration
- runs, and to record and monitor electrocardiograms during
i vibration runs. I general, these measures were taken in the
b interests of safe’y and did not lend themselves to differen-
tial analysis.
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2.0 VIBRATION FACILITY AND RESEARCH METHODOLOGY

2.1 ibration Facility

The Boeing Vibration Facility (Figure 2-1), which has been described
in detail by Beaupeurt (1962) and in a Human Factors Unit brochure (1960)
consists of tive functionally distinct areas: 1) entrance to the facility;
2) the experimenter's and medical monitor's station; 3) the vibration platfornm,
chair, and console; h) the observation area; and 5) the equipment operator's
station. Pre- and post-test medical checks and subject interviews are
conducted in & room rnear to but separate from the vibration facility.

The subject is visible through one-wey vision window: from areas
(2) and {4), permitting observers o make detailed records of a test sub.
ject's reactions to vibration conditions. Before and after each vibration
session, the subject has a brief medical check. Two-way voice communication
links are provided between area (2) and areas (3) and (5). An electrocardia-
gram recorder located in area (2) allows the medicael monitor to assess the
heart activity of the subject either continuously or intermittently whenever
the subject is seated on the vibration platform in area (3). Tape recorders
in area (2) can record any verbal communication from the subject or provide
masking nolse to the test area. The vidbration faciiity is air-conditioned,
making it possible to hold facility temperature at about TO°F, while holding
relative humidity at 50% £ 10%. The interior of area (3), housing the vibra-
ticn platform, 1s painted a dark matte green to reduce tne availability of
visual cues from stationary surfaces. Further control of extraneous visual
cues to motion is achieved through dimming or extinguishing overhead room
lights as required.

The heart of the facility is the electrohydraulic system that erergizes
anl controls the vertical vibration input to the subject. The system can presently
achieve a double amplitude displacement of 27 inches and can transmit vibration
frequencies throughout the range of 1-27 Hz. The vibration table can carry a
load of 1000 pounds, including a control/display panel, seat and subject, and
faithfully transmit the desired vibraticn input (Cnaney, 1964).

Vibration inputs to the table take the form of sinuscidal, random, or
shaped rendom vibration. Both on-line and taped inputs are used. The output of
on-line random signal generators can be filtered to match power spectral density
(PSD) curves of selected airplanes. Or, vibrations characteristic of the same
PSD curve can be presented to subjects on tape to permit exact duplication of
very complex vibration patterns over an entire experiwent. Vibration intensity
can be controlled by the subject or the equipment operator, as dictated by the
test design. These capabilities provide opportunities for studying problems as
basic as that of defining subjective reactions to sinusoidal vibrations and sas

applied as that of mea 'wring tracking performance under simulated high speed,
low level flizht.
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The vibration seat configuration 1is changed according to the purpose
of the test. The seat used in most of the vibration tests 1s rigid and covered
with reinforced plywood inserts and a pad of three-quarter inch hard felt. A
vertically adjustable 4 x 8 inch (vertical x horizontal) felt covered support
is provided near the reglon of the first lumbar vertebra for the subjecti-—=
reaction tests. The support helps the subjects to meintain an erect seated
position. Subjects are also instructed to sit with their shoulders away from
4 the back of the vibration seat. A felt covered foot rest is provided and is
adjustable for each subject to maintain an approximate 110° angle between his
upper and lower leg. The torso and the upper leg form & 90° angle; the feet
also form a 20° angle with the lower leg. A specially fabricated seat belt is
used to restrain the subject in his seat. The belt is adjusted to 30 pounds
tension at the start of each vibration session.
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2.2 Research Methodology

Research plans and methods have been tailored to the test conditions
pertinent to the various studies, but certain major emphases end strategies have
been common to all the vibration studies discussed in this report. One emphsasis
concerns definition of the vibration environment. Experience has shown that
measures of peak acceleration, displacement amplitude and frequency are not
wholly adequate for defining the impact of vitration on human performance.

This 1s especially true when such measures represent only the commands given
to the vibration apparatus rather than actual dynamic outputs of the system
transmitted to the subject (person experiencing vibration).

Thus it is essential to know the output waveform of the shaker as well
ac the responses of the human (both physical and psychologicel) to the shaker
cutput. Only when accurste control, measurement, and rerorting of these critical
factors are accomplished can vibration tests be compared meaningfully.

The decision to concentrate on single rather than multiple and complex
vibration fiequencies exemplifles the research strategy which has guided most of
the Beceing studies. It is possible to duplicate some of the complex waveforms
encountered in operatiocnel environments, but it is unlikely that any one complex
vibration pattern would represent all envircnments involving shake (or even a
significant portion of any one such environment). Thus, generality of results
would be limited, and added to this problem would be those of quantifying,

i reproducing and controlling complex vibrations were they employed.

The question remains regarding the feasibility of relating results
] obtained under conditions of single frequency, sinuscidal vertical vibration to
human performence in & more realistic environment. Parks (1961) approached the
problem directly in examining the possibility of formulating a mathematical
transfer function to permit reliable extrapolation of leboratory results to
operational conditions. The vibration conditions used were a simulated power
spectral density (PSD) curve having greatest relative power at the frequencies
of 0.75 and 2.5 Hz. Subjects were asked to perform any o>ne of three teasks at
different times during the vibration sessions. The tasks were a verticel
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tracking task in which display movementes followed control inputs after a two
second delay, a horizontal tracking tesk with no feedback delay, and a reaction
time task. The measures used that might enter into the tranatfer function were
subjective judgments of vibration severity, equel mean vibration amplitude and
equal root mean square (RMS) amplitude power. The vibration conditions were
equated on the basis of these three measures. Parks found the equal RMS ampli-
tude power measure to be & parameter "... with comparable effects on human
performence for different vibration conditions ..."

Quite obviously, although vibration input is the major variable
affecting reaction to vibretion, there are additional factors influencing a
test subject's reaction. One such factor is the subject's test environment.
The conditions under which the subject experiences vibration should be controlied
and attempts should be made to eliminate irrelevant cues that might otherwise
influence his reactions to vibration. Of first concern, of cowrse, is the con-
trol and specification of the veariables under study - the illumination and size
of displays, the size and nature of display markings, and their position rela-
tive to the subject. In studies of motor performance under vibration, these

varisbles would include the size, shape, nature and locations of operatcr con-
trols,

Other elemente of the vibration test environment are the stimulus
characteristics of the test compartment itself and factors affecting the subject's
posture. Instructions are likewise very important. These elements are often
less well defined than those considered the independent test variables and yet
their specification is critical to a valid interpretation of the test results.
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3.0 SUBJECTIVE REACTION
3.1 Establishing Baseline Reactions

The original purpose of the vibration program was to study the effects
of vibration on human task performance. It was judged nrecessary to first deter-
mine the reactions of human subjects to vibration environments in the absence
of any sdditional task assignment. Decisions had to be made regarding the wave-
forms, amplitudes, and frequencies of the vibration inputs to be used; and it
became clear that dctermining the test subjects' personal reactions to the inputs
was basic to investigations in which = task loading was paired with vibration.

Thus a series of studies was undertaken in which the goal was to
scale the severity of vertical vibration by means of exposing human subjects
to a variety of vibration frequencies, instructing them to react verbally as
the amplitude or the stroke of the vibration table was increased or decreased
(1.e., as the g level was increased or decreazed st a given frequency). Verbal
definitions of severity levels were provided the subjects during briefing or
pretraining sessions, and their assignment was to identify the acceleration
levels at which the verbal definitions of severity seemed to be appropriate.
Early studles were restricted to single frequency vibrationa inputs with only
the displacement amplitude (thus g-level) varied. Each study represented an
updated extension of its predecessor, involving technolozical improvements and
producing, presumably, data having greater reliability and generality.

Following completion of the early subjective studies a second research
strategy was introduced; namely, the investigation of effects of vibration
severity on sensory and motor task performence. Here the severity levels
defined in the subjective reaction studies were applied to human subjects working
to maintain a compass heading, performing & simulated aircraft pitch-tracking
task, or reading digital counters. The relationship between vibration
severity and task performance was then determined.

3.2 Subjective Reaction Studies

Since the sensory-motor task studies are discussed in a subseguent
section, only the subjective reaction studies will be dealt with here. For the
sake of clarity, and to illustrate the way one study led to the next, the four
relevant studies will be dealt with in chronological order.

3.2.1 Acceleration Levels Identified

The first subjective reactioa study was that of Gorrill and Snyder
(1957), whose subjects, all aircrewmen, were asked to identify acceleracion
levels they considered to be "Threshold of Perception” (just barely notice-
able), "Definitely Perceptible," "Annoying," "Maximum Tolerable for Coatinuous
Operation,"” and "JTn“c'erable.” Reference points for these labels were to be
drawn from the subjecie own flight experiences {an instructioa that was
deleted from later zcudies). The severity levels were established for frequencies
of 3, 4, 5, 6, & 10, 15, and 30 cycles per second (Hz). Tnis first study
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inzluded a trackinz task for the subjects, but data were not collected on the
task wiile the subjective reactions were obtained.

The results were expressed in terms of the acceleration levels (g)
associated with the subjects' identification of the five severity levels listed
above. In generel, the correspoadence between g levels and subjective defini-
tions was as expected: the more menacing the verbal label, the higher the
correspsniing .

Approximate Acceleration

Subjective Reaction Range (g)*

Threshold of Perception .01 - .02 g ]
Definitely Perceptible .02 - .08 g i
Annoying .10 - .25 =

Max. Tolerable for Coatinuous Oper. L0 - B0 g A
Intolerable .70 - 1.50 g

et b bl i Ged Gy e e

The Gorrill and Snyder study (1957) highlighted the unique role
of vibration frequencies in the range of 3-10 Hz in causing discomfort in
- the subjects. The subjective reaclion curves show a drop in acceleration
(i.e., lower tolerance) for those frequencies (Figure 3-1), implying that

. L

the test subjects were more sensitive to frequencies in the 3-10 Hz ranze 3
than to frequencies either higher or lower. This dip in subjective reaction 3
- curves was to be observed in the Boeing vibration studies which followed ¢
. Sorrill and Snyder, and is thought to be associated with internal organ or
; other body mass resonance.
i es
} 3.2.2 Replicatioa and Refinement
ad
" The second subjective reaction study (Parks and Snyder, 1961) ;
o featured improved experimental controls, suci as a masking out of mechanical 3
N noise, reductiocn of visual cues to motion, and incremsed rigidity of the H
: subjects' chair. 1In addition, a new array of subjective reaction labels was :
Eoce introduced. Tnese were "Definitely Perceptible," "Mildly Annoying," ;
. "Extremely Annoying," and "Alarminc.” These labels became standard in 3

subsequent studies.

T

-9

Parks and Snyder studied frequencies of 1, 1-%, 2, 3, 4, 5. 6, 8,
10, 12, 1€, 18, 20, 23, and 27 He, and, ss before, slc  increased ampiitude
- at one frequency until the subject identified the relevant scverity level.
S The study produced a set of subjective reaction curves g. :s frequencies
L waich were similar to those of the earlier stidy in terms of what subjective

reacticns went with what acceleration levels. Bt t:e role of vibration fre-

guiency in determining subjective reaction was clarified in the Perks & Snyder
experiment (Figure 3-1). The subjects' sensitivity to vibration was greatest
at 1 Hz, whatever the severity level he was judcing at the moment (an artifact
of Jjerkinecs in table motion at this vibration frequency -- eliminated by

Y]

pe———-

st

* These ranges in acceleration levels i1llustrate the variations in subjective
reactions of the five test subjects across the band of frequencies investigated.
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later modifications in table guilde bearings). Sensitivity then decreased up te
3Hz, and the reaction curves climbed. A sharp increase in sensitivity (and a .
drop in the reaction curves) occurred with frequencies in the 4-10 Hz range.
With frequencies of 10-18 Hz, sensitivity of the subjects declined progressively,
and greater acceleration levels were°required before a subject would attach a
given subjective reaction label to the vibration he experienced. Beyond 18 Hz,
sensitivity increased as frequency increased, the acceleration curves dropped,
and it was apparent that severity as judged by the sublects was increasing

elong with frequency (as shown by later studies to be an artifact of sine wave
distortioa). In summary, 1t appeared that vibration frequencies in the area

of 16-18 Hz could be tolerated up to about 1.0 g before considered alarming,

to about .90 g before considered extremely annoyinz, and to about .70 g before

a subject called the vibration annoying. Thls finding relevant to the 16-18

Hz frequency range was in contrast to the earlier finiing (Gorrill and Snyder,
1957) that 16 Hz was a frequency readily called annoying or maximum tolerable

by their subjects; and the difference wus attributed to the tightening of N
experimental controls in the second study. A more detailed report of the " {
results of this study is given by Parks (1952).

i B Gl ed G4 g ey

Chaney (1964) further modified the vibration facility by increasing
Tidelity of the vibration input to the subject and by giving the subject
control of the amplitude. The subject could now drive the vibration table,
bringing up (or down) the acceleration levels according to his own wishes.
A lighted panel (Figure 3-2) told the subject which subjective reaction
level he was to define, and he squeezed & hand-held trigger (Figure 3-3) to
o increase and decrease smplitude (thus g) to the point at which he made his
Judgment. The frequencies studied were those previousiy investigated by
Parks and Snyder (1961).

¢ A

-
- Apparently, giving subjects control of amplitude onset (and increasing E
fidelity of vibration inpat) had the effect of decreasing their sensitivity to b
' ? vibration, since Chaney's subjective reaction curves (Figure 3-1) were associated
b e with higher acceleration levels than their countermarts in Parks and Snyder (1961). 2
An exception is Cnaney's Definitely Perceptible curve, which is essentially a
T horizontal 1iunc (vibration was perceived when acceleration reached about .05 g ]
; for any frequency beyoni 5 Hz). The annoying, extremely annoyinz, and alarming
; subjective reaction curves showed low points between 5-8 Hz, implying greatest ]
> supjective sensitivity to vibration at these frequencies. Bayond these
i 2 frequencies the reaction curves climb: At frequencies above B Hz, greatcr 3
acceleration levels are required to elicit judgments by the subjects; and, the
higher the frequency (up to 27 Hz), the greater the acceleration required.
T Again, one band of frequencies stood out as especially menacing for the subject:
ok lowest g levels were required to elicit the various subjective reactions when
vibration frequencies were in the range of 4-8 Hz. The results of this test

i

e

have been compared to curves obtained by other researchers (Goldman, 1948;
Mazid, Coermann and Ziegenruecker, 1960) to give the reader an idea of the
rela:icnship among the different studies (Figures 3-7 and 3-6).
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VIBRATION CONTROL HANDLES i

FIGURE 3-3
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shock absorber than the seated one. The amplitudes of vibration judged =~~~ " ~—%-

Inspection of Figure 3-5 reveals that Chaney's (196L4) subjective
response curves are associated with higher acceleration levels than the
"tolerance" curves reported by Goldman (1948). Perhaps this result is
attributable to the fact that Goldman's curves were synthesized from data
collected in & wide variety of formats end from subjects tested in various
postures and experimental settings. Moreover, the orientation of Goldman's
research subjects was toward "tolerance" of vibration inputs as it affected
physical comfort in subjects who were essentially passive recipients of the
vibration inputs. Chaney's research method emphasized standardized treat-
ment of test subjects, tight experimental controls, apparatus refinements

and duty or work-oriented frames of reference on the part of his vibration
subjects,

Figure 3-6 comperes Chaney's subjective response curves to the
short-time, three-minute and one-minute tolerance curves of Magid, Coermann
and Ziegenruecker (1960). Scme overlap of acceleration levels is apparent
among the curves reported by Magid et al and Chaney, particularly in the
5-10 Hz frequency range. Above 10 Hz The curves manifest a rank ordering
s0 that the more menacing a given verbal label, the higher the acceleration
level associated with the label. Chaney's "perceptible" curve is associated
with lower acceleration levels than any of the other curves because of the
qualitative difference between the "perceptible” subjective response and the
other subjective response and tolerance terms.

32.2.3 Reaction of Standing Subjects

Chaney (1965) extended his study with standing subjects restrsined
at the feet, rather than with seated subjects. The subjects made the same
four subjective ratings ccncerning the same family of frequencies as before,
ard again had control of vibration amplitude.

Vibration was transmitted through sclid blocks on which the subject
stood. The blocks incorporated a restraint system involving special boots
which laced to the subject's ankles, and was set to provide 30 pounds
restraint at the feet. The blocks were located to ellow the subject to
assume & normal standing posture (heels slightly apart, toes turned slightly
outward). Legs were held straight, with the knees neither flexed or locked.

Chaney reported subjective reaction curves (Figure 3-7) which closely
paralleled ip shape those for his seated subjects. At the intermediate caver-
ity levels (annoying and extremely annoying) the curves for standing subjects -
were higher than their counterparts for seated subjects. This means that i
greater acceleration levels were required for identifying the intermediate
subjective reaction levels and implies that the standing human is a better
alarming by the standing subjects were nearly identical to amplitudes Judged
alarming by seated subjects; and, althcugh tolerance tc vibration of stand-
ing subjects was generally greater, the frequency band 4.8 Hz was once more
found most critical to comfort.
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3.2.4 Remction to Dual Frequency Vibration

The most recent study (Brumeghim, 1967) of the ONR series was
designed to obtein data concerning reaction to dual fregquency vibration.
Subjects rated "Perceptible”, "Mildly Annoylng", and "Extremely Annoying"
levels of sinusoidal vibration in the L4 to 10 Yz range under three vibra-
tion background conditions (Figure 3-8). The background conditions were
() no vibratiorn; (b) 17 Hz vibration at 0.38 peak g; and (c¢) 17 Hz vibra-
tion at 0.68 peak g. When frequencies were combined in this manner the
subjects ware instructed to rate only the varilsble frequency and not to
attend tc the background frequency.

The subjective reaction curves {Figure 3-9) obtained with no
background vibration generally supported previous results. Lower levels
of "Mildly Annoying" and "Extremely Annoying' thresholds were identified
as the iutensity of the background vibration was increased. The shapes of
the subjective reaction curves were similar when ratings were made in the
presence of the 0.38 g, 17 Hz vibraticn. However, when the 0.68 g, 17 Hz
background was used, the "Mildly Annoying" thresholds dropped as the differ-
ence between the primary and background frequencies increased. The
"Extremely Annoying" subjective reaction curve sgain resembled the shape
obtained when no background vibration was present.
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L.0 EFFECTS OF VIBRATION ON SENSORY-MOTOR PROCESSES

N aa

4.1 Measuring Performance

These studies differ from the subjective reaction group in that they
impose a greater workload on the vibrated subject. 1In addition to encounter-
: ing vibration at the four severity levels across a 1-27 Hz band of frequenciles, B
: the subject has to react to visuel or auditory signals, discriminate tones, :
: relay verbal messages. adjust diels, reud numerals, or adjust simulated dis-
plays of aircraft hea<ing and pitch, His task loading may vary, the forces
required to operate the controls may vary, and the color and brightness of
R illumination at the displays may vary. The presence of task loeding, the
mixing of vibration and visual/auditory inputs, and the dual nature of the
! subject's responses (sensory and motor) all appear to contribute to a general
i difficulty in integrating the results of these studies. Clearly, more work in
the vibretion plus sensory-motor response area is needed, including better
methods in performance measurement. The five studies to be reviewed briefly
will illustrate these points.

: 4.2 Sensory-Motor Processes Studies

4.2.1 Effects on Speech and Hearing Intelligibility ;.

Teare (1963) reported a study which measured binaural thresholds to e
four tones (500, 1000, 2000 and L4000 Hz) and recorded spoken messages from
eight mele subjects who performed these tasks under perceptible, mildly annoy-
ing, extremely annoying, and alarming levels of vibration severity. Sinusoidal
frequencies ranged from 1 to 27 Hz, with a zero vibration control condition
for establishing baseline tone thresholds and speech intelligibility.

A vy
FRa—

Teare reported that threshold increased with vibration, but non-

systematically. The changes which were noted were judged too small to have

operational significance. Vibration likewise had little effect on speech i
intelligibility, except that subJects tended to speak in short bursts under

the lower frequency vibration conditions (2-8 Hz), the range within which
internal organ displacement is thought to be most marked (Magid et al, :
1960; and Parks & Snyder, 1961). This study did not adequately fesf the HE
impact of vibration on speech intelligibility. The materiel iterated by the
vibrating test subjects consisted of well-known phrases which may have biased ..
the responses of the panel of intelligibility judges. !

+ -

4,2.2 Effects on Visual Performance Under Normal Illumination

| Teare and Parks (1963) next studied counter reading performance b
i under a variety of vibration conditions (1-27 Hz, four subjective severity |
i levels). The test configuration is presented in Figure 4.1, Eight subjects .
'! read five counters each displaying five digits varying from .05 in. to .20 g;
in. At a viewing distance of 28 in. these displays subtended 6 to 24 minutes T
visual angle. Vibration severity and frequency affected readability (Figures

: 4.2, 4-2a and 4-3), but the decrement was restricted to digits subtending less

' than 12 minutes visual angle (Figure 4-2a) and to frequencies ranging between
10 and 23 Hz (Figure 4-3). Readability of even the smallest digits actually
improved from 23 to 27 Hz, a result apparently attributable to the formation of
distinct double images at higher frequencies coupled with the asynchrcony which
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i b developed between the subject and the display at the higher
; 3 Marked readability decrement, which began toyﬁe eVidentgat aigzgge§gi;2.
. was discussed in terms of critical flicker frequency of the human eye, ’
: It should be emphasized that, for the larger digits, legibility degradetion
was not marked. A review of the cffects of vibration on man's visval cababil-
i ities in space is presented by Snyder (1965).

s B BN

4,2.3 Effects on Visual Performance under Reduced Illumination

Morris (1966) investigated numeral reading performance of Pfive sube
Jects under four vibration conditions (1He, 6He, 16Hz, and random frequencies), :
two illumination colors (red and white), and three display luminsaces (1.00, ;
0.10, and 0.01 ft-L). This study, funded by The Boeing Company, assessed
vertical and horizontal compensatory tracking parformance under these con-
ditions as well, The display panel is shown in Figure l-h, Morris reported
(Figure L4=5) degraded numeral reading performance ay 16 Hz for both the 0,10 )
and 1.00 ft-L luminances; but at the lowest brightness level, 0.01 ft-L, the !
[ greatest decrement in numeral legibility occurred with 6 Rz vibration. In )
practical terms this finding implies that numeral reading performance suffers ..
when reduced illuminacion is required and low-fraquency vibration is encountered. !; !
A related finding for the lowest brightness lavel was that red lighting pro- ‘
duced the fewest reading errors regardless of vibration condition. At the
higher luminance levels red lighting was better for numeral reading in the {'-
three simusoidal vibration conditions but not with raniom vidbretion. In gen- H
eral, degraded numeral reading at 6 and 16 Hz (Figure 4-5) agrees with Teare's
results (1963), 80 that one can be fairly confident in predicting numersal read- .
ing errors when the operational environment includes vertical vibration in the
range of 6-23 Hz.

Summarizing the Teare ani Murris results, it appears that low frequency ;
vibration has little degrading effect on tone discriminetion or speech intelligi- .
! bility fer well-known materials, but does have decremental effects on numeral

: reading ability for small digits. The degradation appears to increase as lumin-
ance level declines with white lighting, but red lighting seems to prevent
reading decrement to some extent.

i
2.4 Effects on Horizontal and Vertical Compensatory Tracking v

The apparent superiority of low intensity red lighting is confined
to numeral reading, however, since Morris also reports that vertical and hori- ;f
zontal compensatory tracking were better under lov level white than red 1llumi= N
nation (Figure 4-7 and 4-8). The higher brightness levels failed to discrimi-
nate between red and white lignting in effectiveness when the task called for i
vertical tracking; however, horizontal tracking was better across all experi- !
mental conditions when the illumination color was vwhite, A note of caution
is appropriste here in that the tracking display, a CRT, produced higher e
luminances under white then under red {filtered) illumimation. Thus, the i
superiority of white lighting for horizontal tracking may have been an arti- i
: fact of brightness differences. Interestingly, horizontal tracking was not g ..
1 significantly dsgraded by any of the vibration conditions, whereas vertical i N
i tracking wvas affected, The greatest decrement to performance in vertical < J

e o — ———

tracking was essociated with 6 Hz sinusoidal vibration. It should be noted j
again that vibration was in the vertical axis. .
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The relationship between vibration severity and compensatory tracking
vas explored by Chaney and Parks (1964a), whose seven subjects performed wheel,
coluun, and foot tracking tasks under vertical vhole-body vibration (1-27 Hz,
four subjective severity levels). The display/control penel used is shown in
Figure k=9, Of special interest to the designer is thoir finding that track-
ing proficiency decreases systematically as vibration severity increases. Re=-
gardless of frequency, tracking deteriorated as the severity of vibration in-
creaged from zero (baseline) to perceptible to mildly annoying, then to ex=
tremely amnoying, and finally, to alarming. Greatest breakdown in tracking
occurred vhen vibration frequency was in the range 10-20 Hz. An interesting
sidelight on the foot tracking task (1.e., rudder pedals) was that performance
improved vhen control force requirements incressed from 50 to 100 to 150 lbs.

4,2.5 Interaction of Vibration and Workloed

The complex roles of workload, vertical and lateral direction of con-
trol movement, and control force requirements in determining performance under
vibration conditions were investigated by the same authors (Chaney and Parks
1964b). Seven subjects were required to adjust a three inch dial indicator
to prescribed settings by means of a large and small knob, verticel and hori-
zontal levers, or vertical and horizontal thumbwvheels (Figure 4-9). Vibration
frequency and severity varied, as did required control forces and subject work-
load. The main data were speed and accuracy of achieving the dial settings.

Whereas accuracy of dial setting was not affected by type of control,
time required to achieve a dial setting was affected by control type such that
controls which required a vertical movement consumed vhe most time. Also, as
comtrol force increased fram 2/3 1lb. to 2 1b., time required for control ad-
Justments increased. The addition of vibration to the environment bad the
effect of increasing both adjustment time and adjustment errors in this portion
of the experiment, referred to as the moderate workload condition. Vertical
tracking and vertical control settings were most affected.

The high workload ccniition was achieved by maintaining the dial
setting task in total and reinstating the vertical and horizontal tracking
tasks. Additionally, the subjects were required to adjust simulated airspeed,
read and report counter mumerals, activate toggle switches, and report clock
settings. Cueing lights directed the subject to his next response. The ree
sults of the inflated workload (Figure 4+10) clearly showed that the high
vorkload caused error increases in dial setting and that vibration per se
tended to be insignificant ae an additicnal source of error. The performance
decrement, of the order of a doubling or tripling of errors, was with reference
to the same responses as those involved in the moderate workload portion of
the experiment (knob, lever, and thumbwheel manipuletion with force requirement
fixed at 1 1/3 1b.). Other tasks in the high workload experiment were simply
designed to impose & high workload end were not studied systematically.

With a low workload the role of vibration was again fairly clear: it
seemed to increase dlal setting errors. With a high subject task loading
(actually, overloading) vibration falled to worsen performence already degraded
by the work schedule.
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4h.,2.6 Effects cn Crew Activities

Perhaps the most demanding study of the effects of vibration on
crew activities under high workload conditions in this program was that
undertaken by Parks (1965) in a Boeing-funded project. Six subjects were
exposed to simulated low level turbulence in two extended tests (5 hours,
10 minutes duration, and 4 hours duration). Vibration intensities varied
from .023 to .175 RMSg's. Subjects performed terrein-following and heading
maintenance tasks and, during intervals of inflated workload, reacted to
a warning light by turning off a toggle switch. Digital counters were also
read out on signal during the periods of high workload. The same tasks were
verformed over the same time periods without vibration to isolate perfor-
mance decrements that resulted from elapsed time alone, Performance was
sampled at regular intervals for both the vibration and no vibration
conditions,

Parks found that the immediate effects of vibration were indicated
only on the terrain following task in which tracking under vibration was
39 percent poorer than tracking without vibration. The ability tc maintain
heading worsened as time elapsed under both the vibraticn and no vibration
conditions. Vibration in itself had no significant effects on digit legi-
tility, toggle switch respon:.:, or heading maintenance.
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5.0 PHYSICAL EFFECTS OF VIBRATION

5.1 Reported Sensations

p—_

The subjective reaction studies, in which the subjects identified
the four vibration severity levels across a frequency band of 1=27 Hz, have
provided a format for the study of the many transient sensations vhich ace
company whole-body vibration. Parks and Snyder (1561) and Chaney (196L4) have
developed extensive catalogs of' the bodily sensations reported by seated subd-
Jects across the frequencies emphasized in the Boeing vibration studies. !
Chaney (1965) has provided similar information for the standing subject unders )
going vhole=body vibration. In general, the reports solicited from the subjects
have emphasized sensations of a disturbing or even painful character, involve
ing itching, flapping or shaking of skin or appendages, mild pain, pressure,
perceived tightness, or functional hindrances such as swallowing difficulty,
and blurring of vision. Reports of distinctly peinful sensations and sensations {°
of dizziness (or nausea) have also been included vhen reported. i‘

.

[RUUS—
—————

5.2 Relationship between Frequency and Sensation
5.2.1 Head and Face Region

Parks and Snyder (1961) reported a high concentratiorn of disturbing 1
sensations or pein in the head and face in a frequency range of 8 to 27 Hz. !
Included in the experiences of their subjects was blurring of vision, which

wvas reported as well by Chaney for both seated and standing subjests (Chaney I
reports the onset of blurring at about 12 Hz). 1n the same frequency range !
are included such sensations as ear itch, teeth chatter, ekin displacement,

lump in the throat or swallowing difficulty. These sensations were reported .
by both seated and stending subjects. In addition, the standing subjects !{
reported bowel and bladder pressures or pains at these higher frequencies. ’

—————t

5e2.2 Abdomen, Chest, and Lower Back l

.
-

It 1s the lower frequency range (1l-l4Hz) vhich is associated with the
more severe family of responses to vibration, for it is in this region that
abdominal, chest, and lower back pains become fairly common. The seated sube- i
Jects reported back pains in the 4=1LHz region, abdominal pains at L-12Hg,
and chest pains at 2-12Hz. The standing subjects corroborated these figures,
in general, with no distinct differences as a function of standing position ”
noted. A summary of the effects of vibration on the different body areas is ‘e

given for seated subjects (Figure 5-1) and standing subjects (Figure 5-2). ; ]

5.2.3 Vibration and Discomfort Overview !

Thus low frequency vibration (1-1LHz) has a pronounced aversive -
impact on the trunk and internal organs. whereas higher frequency vibration 1*

(15-27Hz) is disturbing to the head reglon, its parts, and their functions.
The head region 18 not as subject to the occurrence of pain as is the abe
dominal region, but its family of sensations may be equally disconcerting
to the human operator,
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Considering the body as a whole, Parks and Snyder (1961) report
a greater incidence of disturbing sensations in the 1.10 Hz frequency
range than in the 12-27 Hz region. Chaney's data on standing subjecte
susgest the same results: that the relative impact of lower frequency
vibration is greater than that for higher frequency vibrations.

f—t
e

V1 b el L It

Although reports of dizziness, nausea, and motion sickness were
rare in these studies, it is interesting to note that when nausea or moticn
sickness was reported, it tended to occur at very low frequencies (1-3 Hz).
Dizziness, on the other hand, was reported ir the intermediate frequency
range (5-27 Hz) (Chaney, 1965).

==

F ket e, 1o dll- 1 A ean

Also noteworthy is that the extremities and/or masses such as
shouiders, arms and legs, and buttocks (standing subjects) seem to respond
most vigorously at the lower frequency vibration (2-8 Hz). And, although

.

i Chaney's standing subjects reported bowel and bladder pressure and pain : i
i only at intermediate frequencies (10-27 Hz), it seems more likely that T
these sensations were present at the lower frequencies, but were masked :
| i; out by other abdominal, back, anu chest sensations. ]
: Figure 5-3 presents acceleration at the shoulder expre§sed as a
. percentage of the acceleration measured at the vibration table.* It is
k I{ clear that low frequency vibrations lead to higher shoulder percentages
-d

and actually lead to an augmenting of the acceleration force acting on
the shake table., Beyond frequencies of 8 Hz there is a damping effect
evident at the shoulder, in that shoulder acceleration levels are lower
than those measured at the table. Only at around 1 Hz and 8 Hz do outputs
at the shoulder match table inputs. Such data support the various models
of man in motion which emvhasize his mass and springing-damping capabile
ities (e.g., Goldman and von Gierke, 1961).
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Figure 5-3 includes data from studies of D. Dieckmann as reported in
Morgan, Ccok, Chepanis and Lund (Eds.), Human Engineering Guide to
Equipment Design, New York, McGraw-Hill, 1903
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e 6.0 RETROSPECT AND PROSPECT

As in m.ch research, cone of the major results of the
-y vibration research supported and stimulated by the 0ffice of Naval Research
; is & depth of understanding and perscnal insight accruing to the resesrchers

i which 1s impractical to communicate through the medium of technical reports.
- The following comments, offered in retrospect, ere an attempt to communicate
% some of this insight and tc suggest directions for future exploration.
wly
Man is almost constantly experiencing vibration of varying charac-
By teristics and severity. He enounters it in some degree whenever he 1s trans-
: ii ported - be it by automobile, bus, train, boat, airplane, rocket or on foot.

E 1 Even in the relative quiet of his home there are numerous sources of vibration.
e Whiie man has become conditioned to the point that be is either unaware of this
it vibration or is unemotional about 1t, we cannot be certain that it does not
-* affect his general physical and mental condition with implications for his

- efficiency and capacity. Vibration in space vehicles and vibration in air,

B i f} land, and water vehicles 1s a subject of grave concern to the designers of

' -s manned systems. Researchers have ildentified wlth reasonable accuracy, the
levels of vibration beyond wnich man cannot go with impunity. The question
y; of how well he can perform varicus tasks under vibration levels short of this
2 limit is much more complex and not nearly so well defined. Man voluntarily
subjects himself to vibration in numerous sports and recreational activities,
. such as horseback riding, speed boating, asuto racing, skiing, etc. He alsc
it supports a large business in vibration couches, chairs, cushions and belts,

Whether physiological or psychological, there is apparently some benefit to
the users of these devices. Thls beneficial e&spect of vibration has not

-i recelved the same attention as have the detrimental aspects, yet it is quitie
-s possible that vibration may serve a valusble function in adapting man to his
environment in tomorrow's advanced systems.

That the rather large store of data accurulated on the subject of
vibration effects provides such a small bank of useful information does not
. fault the researchers so much as it indicates the extreme complexity of the
ﬁ vibration problem. A few general statements concerning vibration effects
. can be made witn some confidence despite the need for persisting research
efforts in vibration environments:

.; a. Man will voluntarilly accept relatively high levels of vibration
while dcing & job.

“»

i b. Man is less tolerant of vertical vibration in the range of L to
1C Hz. c¢han of freguencies outside that range.

; ¢. There 1is wide varistion in individual acceptance of vibration.

d. Vibration acceptance is affected by other envircmmental stimuli,
as well as by motivation and mental attitude.
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b.

Some vibration conditions are apparently pleasant (at least for short

periods of time).

The present state-of-the-art does not allow sinuscidal laeboratory
vibration test results to be extrapolated to complex real world
vibration environments with a high degree of confidence,

In order that continuing and future research in this area be mean-

ingful and useful, it is desirable to strive for greater standardization of
test conditions, methods, stimuli and measurements.
items are:

All test conditions, both constants and variables, should be
accurately and precisely recorded.

The ambient environment of the test subjecte should be controlled

(according to a standard set of conditions if feasible) and precisely

recorded.

The accurate wave form of the vibration must be documented along
with frequency and intensity.

The vibration input to the subject must be measured at the point
of application to the subject.

If vibration in only one plane is being considered, motion in planes
normel to the primary should be minimized, measured end recorded.

Some of the problems which need solution or at least definition

if useful and generalized data are to result include the following:

, a.

Devise some means of defining real world vibration spectra in terms
meaningful from the standpoint of human . >sponse - physicel, physio-
logical, psychological and performance, and meke puczsible the
replication of vi*ration conditions.

Develop better means of describing a test vibration enviromment in

precise terms and dimensions which contribute to the human reaction
to “hat environment. This requirement applies to single fregquency,
one- axis motion as well as random multi-axis motion.

Until a means of assuring comparability of vibration conditions

from & human response standpoint has been established, the only reliable

way to assure that critical functions can be eccomplished by human operators
in complex vibration environments is to conduct tests in realistic environ-
ments, which include closely simulated operational vivrations. Such tests
should include multi-axis motion with acceleration time histories as closely
representative of the anticipated real environment as possible.

Some of the more critical
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The question of possible beneficial effects of whole body vibration
1s deserving of mcre attention. Some areas for examination include the possi-
bility of reducticn of physical and mental fatigue, enhanced alertness, stimu-
lating circulation, and improving tone of vital orgens. Such effects might be
be especially beneficial tc persons unable to participate in "jogging" or
exerclse. The possibility of avolding calcium excretion during long periods
of weightlessness, by substituting vibretion acceleration for the missing
acceleration of gravity, hss obvious implications for manned space programs.

Research now under way or programmed for near future investigations
at The Boeing Company, Wichita Division, is directed toward pressing questions
of immediate interesi. Current research emphasizes development of passenger
ride quality design criteria for air transport vehicles, The ride quality
criteria will be used as one basis for the design of stability augmentation
systems as required toc ensure a comfortable commercial airplane ride. Studies
have included vertical, lateral, combined axes and combined random vibration
inputs in the 0 to 7 Hz rangc. Ride comparison tesis will also be conducted
to help evaluate the passenger ride quality benefits of several stability
augmentation systems under study.

Future programs are planned to further refine and extend the develop-
ment of ride quality criteria to flight crews. I+ 1s also planned to continue
basic and applied research to define human performance capability in a vibra-
tiou environment.

A number of follow-on studies ere indicated for which research
strategies and plans are being developed.

a. Continuation of passenger ride quality criteria development.

b. Crew ride quality criteria development.

¢. Flight test validation of ride quelity criteria developed in labora-
tory testing and computer a.alysis.

d. Development of flizht instrument desizn criteria for use under all
operaticnal lighting and vibraticn ccnditions.

e. Iustrument lighting requirements as & function of vibration and
external illumination of visual targets,

f. Relative effectiveness of different types of control sticks and

locations in a combined vertical-lateral random vibration enviroen-
ment .

g§. Relationship of short to long duration vibration effects on ride
quality criceria and on humen performence.
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A problem ares that is less well defined, but is also recognized
as one requlring research, is that of the effects of multiple stress, work-
loadS and fatigue on crew performance ("multiple stress" would include vibra-
tion).

In addition, when resources are available to continue more funda-
mental research, the following areas should receive further attention:

a. Effects of lateral vibration on performance and subjective reactions.

b. Definition of random vibration to permit better correlation of
quantitative vibration characteristics with test results.

c. Physiological effects of vibration as an ald to understanding
total human response to a vibration environment.

d. Prediction of reactions to a multi~frequency vibration envirocument
from knowledse of reactions to each component frequercy alone.

e. Continued emphasis on definition of both input signals to the
vibration system and the actual vibration environment experienced
by the subject.

Finally, an extensive, systematic, and well-integrated program is
vigently needed to develop & battery of well-defined, velidated humar tasks
and measurement standards. Such a battery of performance measures and
associated criteria would have application in any man-mechine study area
and with reference to any unusuel environment, of which vibration is but one
example. This would be an expensive and complicated undertaking, but the
returns from developing & standard set of human task and performence criteris
would be considerable in the areas of prediction, evaluation, and assess-
ment of reliability of man-machine systems.
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Medical Association, Atlantic City, New Jersey, April 1962.

Snyder, F. W, , Preliminary Report of a Research Program on
the Effects of Low Frequency Vibration on Human Performance,
Ferceptual & Motor Skills, Vol, 1%, February 1962,

Teare, R, J., Human Hearing and Speech During Whole Body
Vibration. The Boeing Company, Wichite, Kansas, Document
D3-3512-3, April 1963, (AD 410 259).

Teare, R. J. & Parks, D. L., Visual Performance During Whole
Body Vibration. The Boeing Company, Wichita, Kansas,
Document D3-3512-L, November 1963 (AD 427 254),

Chaney, R. E., Subjective Reaction to Whole Body Vibration.
The Boeing Company, Wichita, Kansas, Document D3-6L7h,
September 1964, (AD 607 462).

Beaupeurt, J. E., Subjective Reacticn to Whole Body Vibration.
Presented at the 8th Annual Human Factors Society Meeting,
Washington, D.C., October 196k,

Chaney, R. E. & Parks, D, L., Visual-iotor Ferformance During
Whole Bcocdy Vibration. The Boeing Company, Wichita, Kansas,
Document D3-3512-5, November 196U, (AD 456 27L)

Chaney, R, E, & Parks, D. L., Tracking Performance during
Whole Body Vibration. The Boeing Company, Wichita, Kansas,
Document D3-3512-6, lovember 196k, (AD 456 277).

Snyder, F. W., Crew Environment and System Design for Low
Level Flight. Presented at the Annual Meeting of HAS-IRC
Committee on Hearing, Bico-ar ~tics and Blo-mechanics
(CHABA), Washington, D.C., « ober 1955,

Chaney, R. E., Whole Bcdy Vibration of Standing Subjects.
The Boeing Company, Wichita, Kansas, Document D3-6779,
August 1965 (AD L72 912).

Snyder, F. W., Vibration and Vision. 1In Baker, C. &. (Ed.)
Visual Capabilities in the Space Environment, New York:

Pergamon Press, 1965, p. 183-203.
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1965 Parks, D, L., Simulation Test of the Fffects of Extended
Exposure to Low Altitude Flight Turbulence on Flight
Crew Operations, Parts 1 & 2, The Boeing Company, Airplane
Division, Renton, Washington, Document D6-2137 TN, 1965.

1966 Morris, D, ¥., The Effects of Whole Body Vibration on
Numeral Reading and Compensatory Tracking Under Low
Intensity Red and White Lighting, The Boeing Company,
Wichita, Kansas, Document D3-7008, April 1966.

1967 Brumaghim, S. H., Subjective Reaction to Dual Frequency
Vibration. The Boeing Company, Wichita, Kansas, Document
D3-7562, December 1967 (AD 66L 510).

Bod  Brid  Gnd By P Duy  Duny

1968  Snyder, F. W., Ten Years of Vibration Research and Beyond.
Paper presented at the 15th Annual ONR West Coast Research
Seminar, Seattle, Washington, June 1968.
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B. Dissemination of Technical Information

Human vibration recearch has been a major activity of the Human
Factors Staff at Boeing Wichita since 1957. This research, supported
; primarily by the Office of Naval Research, has led to 15 documents relat-
. ing to studies conducted at the Wichita facility (Appendix A). TIn addi-
i tion, four articles on vibration research have appeared in technical
-t publicetions and staff memhers have read seven papers at technical
or professional meetings. Two sound and color films depicting aspects ol
the research were produced and have been widely circulated.

L ]
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In accordance with an ONR requirement, each of the subject 3*
research reports was distributed to 22 specified organizations or persons. :
However, the distribution list typically named over 250 recipients. The o
eleven company-funded vibration studies conducted in 1968 and 1969 for the
purpose of establishing ride quality criteria for airline passengers can
be pointed to as an obvious outgrowth of the ONR vibration research program.

B et

However, it is more difficult to assess the larger contribution
this program has made tc the general technological community. Perhaps
some indication of potential impact of the research can be gleaned from

oy

the material to follow ir Appendix B. Two lists of names and/or organiza- -

tions appear in the next few pages. The [first list is comprised -~f organi- B
; zations which requested and received copies of the vibration research o
: reports. The second list contains the names and organizations of persons

wWwho have visited the Boeing Wichita vibration facility. Both lists are ]
characterized by the diversity of interest groups they represent.

I. Crganizations requesting vibration research data

2 by
.

a. Military and Government

United States Havy
. Bureau oZ Medicine and Surgery
BUWEPS
David Tayler Model Basin !
Naval Aer._space Medical Center L.
Naval Air Development Center
Naval Air Engineering Center :
Naval Air Systems Command L
Naval Medical Research Institute
Naval Missile Center
laval Personnel Research Activity ‘
ihaval Research Latoratory
Haval Training Device Certer

b vy

Unliled Sltales Army
Armor Human Research Unit

Aviation Human Research Unit -
Human Engineering Laboratories ’
Land Locomotion Laboratories

Transportation Research Cormand
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b.

C.

United States Air Force
Air Force Systems Command - Baliistic Systems Division
Crew and AGE Subsystems
Directorate of Aerospace Safety
Strategic Air Command Headquarters
Wright Air Development Division - ARDC

United States Government
Defer.se Documentation Center
FAA-Civil Aeromedical Research Institute
FAA-Medical Library Branch
National Bureau of Standards
NASA..AMES Research Center
[NASA-~rivuston
ASA-Largzley Research Center JE
Putlic Health Service- QOccupational Health Research .
and Training Facility
Scripps Institute of Cceanography

Aerospace Industry

Bell Helicopter Corporation -
Douglas Aircraft - Saturn Division

Grumman Aircraft Cempany

Kaman Aircraft Corporation

Martin Company -
Martin-Marietts Corporaticn -
McDonnell Aircraft Corporation -
North American aviation

forthrop Horair

Northwest Airlines

Rerublic Aviation

Associated and/or Gencrad Tndustry

Bellceomm, fncerporatod
Bell Telepnune Lahboratori
Bendix - Eclipse ricneer
Chrysier Ccrroration
Dowty-Rotcl Incorporated =
Generagl Electric - Systems Integraticn

General !Motors Corporavion Research Leboratories
Goodyear Aerospace - Life Sciences Resear:h
Internati.nal Business Machines

Lear-Siegler Instrwazu® Divizion

Link Division - Generel Precision

Litten Systems Incorporated
MimeannlisaHoneywell Aera Diviaiew

Niagarsa Ccrporaticn

Outboard Marine Corzoration

The RAND Corporation
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d.

e.

f.

Hervard University School of Public Health

Academic/Training Institutions

Institute of Medical Sciences, Presbyteriun “edical Center

Johns Hopkins University

Iowa State

Massachusetts Institute of Technology
Michigan State University
New Mexico State University

University

New York University

Ohio State

University

Texas A&M Unlversity
Tufts University

University
University
University
University
University
University

Allied Research Associates

of Illinois
of Maine
of Miami
of Michigen
of Virginis

of Waterloo, Canada
Wayne State University

Consulting and rcsearch firms, foundations and publishers

American Institute for Research
Bio=Sciences Information Exchange, the Smithsonian Institution

Bolt, Beranek and Newman Incorporated

Dunlap and

Associates

Eye Research Institute

Flight Safety Foundation

Franklin Institute

Frost Engineering Development Corporation
The Lovelace Foundation
Machine Design Magazine

Rowland and Company
Serendipity Associates
Space Technology Laboratories

Technical Consultants, Incorporated
Trend Publishing Company
Worthington, Skilling, Helle and Jackson

International contacts

Akademia Medyczna, Warsaw, Poland

Arsenal de la Marine, Toulon, France
Charles University, Prague, Czechoslovakia
Department of National Defence, Canadian Joint Staff,

Washington, D.C.

Defence Research Medical Laborsatories, Toronto, Ontario, Canada
E.M.I, Electronics, Limited, Middlesex, England

Institute of Aviation Medicine, Feldbruck, Germany

Instituto Technologico de Aeronautica, San Paulo, Brazil
Laboratoires De Physiologie, Appliquee Au Travail Humain,

Paris,

France
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Laboratoires Medico-Physilogique, Centre D'Essails, Paris,
France

Leboratorio De Acustica E Sonica, San Pauln, Brazil

Max Planck Institut, Rheinlanddemm, Termany

National Physical Laboratory, Teddington, Middlesex,
England

Foyal Navy Bureau of ldedicine & Surgery

Royal Navy - Scientific Intelligence

Royal Air Force Institute of Avigtion Ill~dicine, Farnborough,
Hents, England

University College of South Wales & Monmouthshire, Cardiff,
Wales

University College of Swansea, Singleton Park, Swansea, Wales

University of Queensland, Bristane, Australia

Vickers-Armsirong Aircraft, Limited, Weybridge, Surrey,
England

The human vibration facility, completed irn 1999 end utilized
gince then for the meny varied test programs, has attracted numerous
visitors. A partial 1ist of some cof the visitors and their affiliation
at the time of their visit is previded.

IT. Visitors and Organizatio:ns
a. Military/Government

United State: Havy
Dr. Richa’4 Trumbull - OHR - Washington, D.C.
Dr. Gilbert Tolhurst - ONR - Weshington, D.C.
Comdr. Jcseph Snyder - Pacific Missile Range, Califcornia
Comdr. 5. Oliver - Senford Wavael Air Staticn, Florida
Dr. W, W. Mutch - Naval Research Lab, Washingtcn, D.C.
Mr. George Hicks - ONR, St. Louis, Misscuri
Mr, Hrmo Sherid-n- BUWEPS, Washington D,0.
Mr. J. J. Ball - BUWEPS, Washington, L...
20 U.S. Test pilots - Naval Air Test Center, Maryland
Mr. J. Gugliielmells - BUWEDRS, wWashington, D.C.
Mr. J. F. ludd - BUWEPS, Washingten, D.C.
Mr. C. Weizman - Office of Chief of Naval Operations,

Washington, D.C.

*
3
!
:
i

2
3
E
F]
1
i

United States Army
Capt. W. Crouch - Army Aviation Board, Ft. Ruckar, Alabama
Mr. John Daffy - Army Aviation, HUMMRO, Ft. Rucker, Alabama
Mr. Ben Hanamoto - Land Locomatior. Lab, Detroit Arsenal

R T P

Department of Defense
Mr. G. W. Blackburr, Washington, D.C.
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United States Air Force

Capt. J. A, Birl « Wright Patterson Air Force Base, Ohio

Capt. J. D. Boren - Wright Petterson Air Force Base, Ohio

Mr. Howard MeGrath - Aeronasutical Systems Division,
Wright Patterson Air Force Base, Ohio

Mr. John Henderson - Aeronsutlcel Systems Division,
Wright Patterson Air Force Base, Ohio

Mr. A. Jeffers - Aercnauvtical Systems Division,
Wright Patterson Air Force Base, Chic

e AP AL 1. o AN ATy P TN A AR PR e

Government
Dr. S. R. Mohler - FAA, Oklahoma City, Oklahoma
b1, Richard Bray - NASA, AMES
Mr. Fred Drinlwater - NASA, AMES

TV T W e

A b. Universities - Academic

' Dr. Robert Gotis, University of Kansas

Mr. William Barr, University of Kansas

Dr. G. N. Hoover, Chio State University

Mr. I, B. Roberts, Ohio State University

Dr. R. K. Knapp, Wickits State University

Dr. J. A. Stern, Wazhington University Schcol of Medicine

i c. International

i Mr. John Matthews, lieticnal Institutz of Argriculture Engr.
Bedfourd, ¥ngland

Ir. G. H. Byford, RAF .. Institute of Aviation Medicine

Dr. J. C. Guignard, RAF - Institute of Aviaticn #edicine

B Sqén. Ldr. D, L. Francis, RCAF-HQ, Oniario, Canada

i Wing Comdr. A. W. Armstrong, Canadien Joint Staff,

I Washington, D.C.

o Wing Comdr. D, O, Coons, Canadian Joint 3taff,

Wasningten, D.C.

BN d. Research organizations; non-profit foundations
. Mr. W, J. Paby, Cornell Aeronauatical labs
: Ir. Frank Pelton, Cornell Aeronautical Labs
! Dr. W. J. White, Cornell Aeronsutical Labs
!
¥
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C. Symposium on Human Vibration Research

14

The Office of Naval Research and The Boeing Company, Wichita
Division Jjointly sponsored a symposium on Human Vibration Research,
30 October through 1 November 1962 at Wichita, Kansas. Thirty-one
participants representing a wide array of government and military
agencies, aerospace, related industries and universities were present.

The symposium content emphasized problems of definition and
control of the vibration environment, measurement of effects of vibration,
protection for the humar vibration test subject, communication and dissem-
ination of vibration research results and directions for future vibration

research.

A surmary of the meeting and discussion by Dr. Henning von Gierke
concluded the symposium,

A listing of the attendees and their affiliation in 1962 is

included.

Mr. J. E. Beaupeurt Human Factors Chief ' The Boeing Company
Wichita, Kansas

Mr. Paul M. Burris Systems Simulation The Boeing Company
Wichita, Kansas

Dr. Raymond A. Lawh, M.D. Aero Space Medical Unit  The Boeing Company
Wichita, Kansas

Dr. Herbert Megel Bioastronautics Section  The Boeing Company
Seattle, Washington

Mr. Donald L. Parks Research Engineer The Boeing Company

Human Factors Technology Seattle, Washington

Dr. James L. Salomon, M.D. Medical Director The Boeing Company
Wichita, Kansas

Mr. Fred W. Snyder Human Factors The Boeing Company
Wichita, Kansas

Mr. Robert W. Costin Bostrom Research Labs
Milwaukee, Wisconsin

Mr. Stanley Lippert Aircraft Divsion Douglas Aircraft Co. Inc.

Eagineering Division Long Beach, California

Mr. Howard Sherman Grumman Airecraft Eng. Corp.
Bethpage, L.I., New York

Dr. Carl Clark The Martin Company

Baltimore, Maryland

T R



Mr. Keith R. McCloskey
Dr. George N. Hoover
Dr. Richard J. Hornick
Mr. Douglas M. Walton
Mr. Hubert C. Vykukal

]un Harris F. Scherer Jr.

Mr. William R. Brewster Jr.

Dr. G. C. Tolhurst

Dr. Julius M. Peters

Dr. Marvin J. Herbert
Dr. Randall M. Chambers
Dr. David E. Goldman
Cdr. MSC, USN

Dr. Kenneth F. Thorson

Dr. John A. Stern

Dr. Robert J. Teare

Life Sciences
Space & Information
Systems Division

Space & Information
Systems Division

Bioscience Unit

Biotechnology & Human
Research

Head, Physiological
Psychology Branch

Head, Psychological
Research Group,

Space Environment &
Life Science Laboratory

Medical Research
Laboratory

Aviation Medical
Acceleration Laboratory

Professor of Medical
Psychology

Department of
Psychology

62

The Mariin Company
Baltimore, Maryland

North American Aviation
Downey, California

North American Aviation
Dowvney, Celifornia

North American Aviation
Los Angeles, Califdrnia

NASA-Ames Research Center
Moffett Field, California

NASA, Houston, Texas

NASA, Washington, D.C.

Office of Naval Research
Department of Navy,
Washington, D.C.

Republic Aviation Corp.
Farmingdale, New York

United States Army,
Fort Knox, Kentucky

United States Naval Air
Development Center,
Johnsville, Pennsylvania

United States Naval Medical
Research Institute,
Bethesda, Maryland

United States Naval
Training Device Center,
Sands Peint, New York

Washington University
School of Medicine
St. Louis, Missouri

Wichita State University
Wichita, Kansas
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Dr. W. Dean Chiles
Neville P. Clarke
Capt. USAF (VC)

Morris J. Mandel
Capt. USAF (MC)

Dr. Henning E. von Gierke

Behavioral Sciences
Laboratory

Aerospace Medical
Research Laboratory

Aerospace Medical
Research Laboratory

Aercspace Medical
Research Laboratory
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Wright Patterson AFB,
Dayton, Ohio

Wright Patterson AFB
Dayton, Ohio

Wright Patterson AFB
Dayton, Ohilo

Wright Patterson AFB
Dayton, Ohio
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